W
HEN the cerebral cortex is invaded surgically, blood flow in the vessels in the area of incision terminates abruptly with infarction of the area those vessels supply and subsequent formation of a cicatrix within the area of necrosis, a In the course of studies on the histopathogenesis of injury to brain tissue of rats resulting from exposure to a nearly monoenergetic alphaparticle beam from the 60-inch cyclotron at Berkeley, we observed that at high doses the brain tissue disappeared from the irradiated area, and healing occurred without gross or microscopic evidence of formation of scar. 4 The type of healing observed was attributed to the unique characteristics of the beam of ionizing radiation used. However, because healing of wounds in the rat is so efficient, we considered it important to investigate the nature of the healing process following the same irradiation of cerebral cortical tissue in monkeys.
High-energy particles produce dense ionization in tissue, and unlike roentgen or gamma irradiation produce the so-called Bragg curve resulting in large depth dose compared to surface dose. Such densely ionizing radiation has also a greater relative biological effect per unit dose. This type of irradiation has already found m a n y investigative uses in biology and medicine. 5,s
Material and M e t h o d s
Cortical lesions were produced in 4 young adult cynomologus monkeys by alpha-particle irradiation and in 3 others by surgical excision. During the operation and the procedure of irradiation, the head was fixed firmly in a specially designed head holder. 7 The calvarium was trephined lateral to the midline over the precentral sulcus under light Nembutal anesthesia with infiltration of the scalp Received for publication September ~4, 196~. * This work was supported in part by the U. S. Atomic Energy Commission.
by Xylocaine. The alpha-particle beam was directed into the cortex through the trephine opening with the dura mater intact. For surgical excision the dura mater was reflected and a thin slab of cortex of approximately the same size and depth as included in the lesion of irradiation was excised with a knife made from a razor blade. The dura mater was closed with sutures. Following irradiation or operative excision the masseter muscle was sutured over the defect without replacing the trephined plug, and the scalp was closed. Sterile surgical technique was followed, and all monkeys were given 300,000 units of penicillin and 0.5 gm. of streptomycin daily for 3 days postoperatively.
The alpha particles accelerated by the 60-inch cyclotron have an energy of approximately 1~ mev./nucleon (Fig. 1) . The particles that emerge from the deflector channel of the cyclotron pass through a set of focusing magnets, a 1-mil. A1 scattering foil, and a steering magnet. The beam then enters a "high vacuum ionization chamber ''2 followed by a 1-mil. A1 vacuum window and a parallel plate-ionization chamber. Homogeneity of the beam over the target area was insured by means of a defocused setting of the focusing magnets. Details of the dosimetric procedure and of the properties of the particles are described elsewhere.1,2 FIG. 1. Bragg peak profile in tissue (assuming a tissue density of 1) of the alpha-particle beam used. Note abrupt termination of the beam of ionizing particles at a depth of 1180 m. ~89 ~90 D o n a l d V a n D y k e a n d P e t e r J a n s s e n The exposed brain and dura mater were positioned directly distal to the ionization chamber. The dose delivered to the surface of the brain was in excess of 100,000 rad and was delivered in 8 seconds through a circular port 14.8 mm. in diameter.
The monkeys were autopsied at 114, 188, 194, or 850 days after irradiation and 197 days after surgery. At the time of autopsy the monkeys were sacrificed with an overdose of Nembutal, the cortex was exposed, and the head was immersed in Bouin's fixative. The irradiated or operated area of brain and dura mater was removed in a block embedded in paraffin, and sectioned at 8 g. Sections were stained with van Gieson, hematoxylin and eosin, and by Palmgren's silver techniques.
Results
None of the monkeys showed gross clinical evidence of neurologic disturbances at any time following treatment. Grossly at autopsy of those irradiated there was heavy scarring of the irradiated dura mater that could not be separated easily from the brain. After fixation the dura mater was separated easily, presumably because differential shrinkage of dura mater and cortex had resulted in tearing of the scarred arachnoidal trabeculae. In the surgically operated group the dura mater was adherent to the cortex even after fixation, and, if separated forcefully, fragments of the underlying tissue were removed with those meningocerebral cicatrices that had formed. Microscopic sections showed dense proliferation of fibrous tissue in the irradiated portion of the dura mater and arachnoid. By 114 days after irradiation the cortex showed necrosis of the irradiated area, with invasion of the necrotic tissue by macrophages and capillaries (Fig. ~) . By 194 days, the organized area of necrosis had disappeared, and a new layer of loose supporting tissue resembling the pia-arachnoid had formed (Fig. 8) . By 850 days, the base of the lesion was covered largely by a thin layer of glial cells resembling the normal pia mater, and reformation of the pia-arachnoid space over most of the irradiated area had occurred (Fig. 4) . In the center of the lesion the dura mater was FIG. ~. Approximately one-third of the lesion as well as adjacent normal cortex 114 days after irradiation with 100,000 rad. There is partial organization of the necrotized tissue by capillaries and connective-tissue cells, van Gieson stain, X 85.
